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I.  INTRODUCTION 


This  report  covers  the  research  performed  under  Grants  DAHC04-75- 
G-0I93  and  DAAG29-77-G-0134  during  the  period  June  16,  1975  to  February 
28,  1979.  The  goal  of  this  research  was  to  obtain  stimulated  emission 
at  very  short  wavelengths  (x-ray  or  far  ultraviolet)  by  the  use  of 
charge-exchange  reactions.  Obtaining  laser  action  at  any  short  wave- 
lengths has  been  a problem  of  great  interest  in  the  scientific  community 
for  some  time,  and  the  concept  contained  in  the  original  proposal  was 
believed  to  offer  great  promise  for  laser  action  at  wavelengths  below 

1000  X. 

Many  of  the  obstacles  to  obtaining  laser  action  at  x-ray  and  far 

ultraviolet  wavelengths  appear  to  be  overcome  by  completely  stripping 

atoms  and  then  adding  one  electron  to  the  ion  through  a charge-exchange 

reaction  to  form  an  atom  (hydrogenic,  if  the  ion  was  fully  stripped) 

that  could  radiate  at  very  short  wavelengths.  By  choosing  the  neutral 

atom  properly  the  charge-exchange  reaction  can  be  made  to  have  a 

-15  2 

very  large  cross- sect ion- 10  cm  or  larger.  If  the  additional  electron 

is  in  an  outer  shell  the  ion  cannot  decay  through  the  very  fast  Auger 
transitions  and  a useful  lifetime  in  the  excited  state  may  be  achieved. 

This  work  was  begun  based  on  a proposed  scheme  to  use  an  ion  beam 
of  alpha  particles  and  to  interact  the  beam  with  hydrogen  target  atoms 
to  obtain  charge-exchange  and  a helium  ion  in  the  2p  state  from  which 
it  radiates  to  the  Is  state. 

He'H’  + H.  -*•  Ret  + H+  Het  + y(304  A)  + H+ 

13  Zp  IS 

As  there  are  no  ground  state  ions  in  Che  system  this  would  be  expected 
to  yield  an  inversion.  It  was  planned  to  perform  the  experiment  at 


Los  Alamos  In  a Joint  program  with  the  University  of  Arizona  and  Los 
Alamos  Scientific  Laboratory.  However,  sometime  after  this  research 
began,  the  program  was  terminated  for  non-technical  reasons. 

II.  SUMMARY  OF  RESULTS 

Several  systems  for  obtaining  Inversions  at  very  short  wave- 
lengths by  charge-exchange  were  investigated,  and  as  the  charge-exchange 
reaction  appeared  to  be  the  best  candidate,  several  possibilities  were 
analyzed.  Plasmas  as  the  source  of  the  ions  were  analyzed  and  a system 
devised  to  use  a shock  tube  for  generating  a plasma,  with  charge-ex- 
change  occurring  after  expansion  through  a nozzle.  This  system  is  out- 
lined in  Appendix  I and  two  specific  cases,  hydrogenic  helium  (lasing 
at  16**0  X)  and  lithium  (729  A)  were  considered  in  some  detail. 

Another  arrangement,  using  a laser-produced  plasma,  is  described 
in  Appendix  II.  This  uses  a plasma  formed  by  the  interaction  of  a 
high-power  laser  with  a carbon  target  to  yield  fully  stripped  C VII. 

If  the  streaming  velocity  of  the  carbon  ions  is  then  of  the  order  of 
3 x 10  cm/sec,  preliminary  calculations  indicated  the  cross  section 
for  the  pickup  of  an  electron  by  the  carbon  into  the  n ■ 3 state,  chat 
is  Che  charge  exchange  reaction 


C+6  * Ar 


+2  ^ .+5 


C (n  • 3)  + Ar 


+3 
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is  of  the  order  of  10  cm  . The  carbon  ion  then  radiated  the  3almer-a 
line  at  182  A.  According  to  the  analysis  a 1 cm  diameter  Nd-glass  laser 
with  an  output  of  30  Joules  in  a pulse  duration  of  10  nanoseconds, 
focused  by  a cylindrical  lens  would  yield  significant  gain. 


3 


As  lc  appeared  feasible  Co  experimentally  investigate  the  C VII  - 
Ar  III  system,  this  was  chosen  for  experimental  work.  Two  short-pulse 
ruby  oscillator-amplifier  systems,  designed  to  be  fired  sequentially 
in  a master-slave  arrangement  were  borrowed  from  MIRADCOM.  The  Space 
Sciences  Laboratory  of  the  Marshall  Space  Flight  Center,  NASA,  offered 
the  use  of  a grazing-incidence  McPherson  monochromator,  which  was 
capable  of  being  differentially-pumped  across  an  open  slit  and  could 

O 

be  used  in  the  region  around  182  A.  The  ruby  lasers  were  limited  to 
about  11  joules  output  in  order  to  avoid  damage  to  the  amplifier  ruby 
rods.  Their  pulse  durations  were  measured  by  a photodiode  to  be  of 
Che  order  of  15-20  nanoseconds,  and  consequently , lacked  the  peak  power 
capability  to  reach  the  conditions  outlined  in  Appendix  II.  The  lasers 
were  repaired  and  modified  so  that  they  could  be  Q-switched  simultaneously 
(within  a few  nanoseconds)  by  switching  both  Pockels  cells  with  a 
single  thyracron  and  adjusting  the  lead  lengths  appropriately.  It  was 

O 

planned  by  this  method  to  use  a two-plasma  technique  in  which  the  182  A 
Balmer-a  line  would  be  observed  for  gain  between  the  firing  of  one 
laser  and  subsequent  firing  of  both  lasers  simultaneously . 

An  interaction  cell  was  fabricated  with  provision  for  a target, 
focussing  lens,  background  gas  pressure  control,  and  positioning  of 
the  target  with  respect  to  the  monochromator  slit. 

Numerous  shots  were  carried  out  with  a single  laser  in  order  to 
find  line  radiation  at  182  A which  could  be  attributable  to  charge- 
exchange.  The  ruby  laser  was  operated  at  about  5 joules  output  to 
avoid  destruction  of  the  flashlamps.  Strong  signals  were  obtained  from 

O 

the  plasma  at  182  A but  also  at  neighboring  wavelengths*  indicating 


4 


chac  line  radiation  was  not  being  obtained.  These  signals  were 
obtained  both  with  and  without  a background  gas  and  indicate  chat  the 
radiation  observed  was  not  due  to  charge-exchange.  Measurements  of 
the  plasma  front  velocity  indicated  ion  streaming  velocities  in  the 
range  from  5 x lQ^ca/sec  to  1.5  x lO’cm/sec,  being  slower  with  in- 
creased background  gas  pressure.  As  later  calculations  indicate  chat 
even  at  3 x 10^cm/sec  the  cross-section  for  electron  capture  into  the 

17  T 

n ■ 3 state  is  only  2 x 10  cm"  it  appears  that  at  the  ion  streaming 
velocities  obtained  in  the  experiment,  the  electron-capture  cross 
section  into  the  n * 3 state  is  much  too  low  for  charge-exchange  to 
generate  a significant  inversion  on  the  Balmer-o  line  of  C VI  under 


these  conditions. 


I 
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Lajinf  on  the  Balmer-a  iine  oi  hydrogen-iike  ions  is  shown  to  be  possible  in  a shock  tube  generated  plasma.  The  specific 
cases  of  hydrogen-tike  helium  < lasing  at  16-SO  A)  and  lithium  < 779  A ) are  considered  in  detail. 


1.  Introduction 

The  Baimer-a  transitions  of  hydrogen-like  ions  are 
particularly  interesting  from  the  viewpoint  of  develop- 
ing short  wavelength  lasers.  The  scaling  of  wavelengths 
and  transition  rates  with  atomic  number  are,  of  course, 
precisely  known,  and  the  electron  collisional  ionization 
and  recombination  of  hydrogen-iike  ions  are  easily 
treated. 

We  first  consider  the  circumstances  under  which  a 
plasma  consisting  of  fully  stripped  ions  may  be  gener- 
ated in  a high  energy  shock  tube.  Charge  exchange 
pumping  [1-9]  of  the  laser  transition  occurs  as  the 
plasma  expands  into  a gas  composed  of  neutral  atoms 
as  shown  in  fig.  1 . We  consider  processes  which  com- 
pete with  the  pump  reaction  and  Laser  transition,  such 

* Supported  by  -he  U.S.  Army  Research  Office. 


Fig.  1.  The  plasma  behind  the  reflected  shock  wave  expands 
through  the  nozzle  and  mixes  with  the  target  gas  in  the  inter- 
action region.  The  length  of  the  active  medium,  and  the  ap- 
proximate diameter  of  the  shock  tube,  is  L 


as  electron  collisional  ionization  of  ’he  neutral  target 
atoms  and  collisional  depopulation  of  the  upper  laser 
state,  and  determine  the  conditions  for  lasing  on  the 
Balmer-dr  line  of  the  hydrogen-iike  plasma  ion. 

In  highly  ionized  plasma,  the  r'ractionai  ionization 
is  determined  by  the  competition  between  collisional 


Fig.  2.  The  ionization  rate  and  recombination  rate  Rr  as 
functions  of  the  electron  temperature  Tt.  The  ratio  of  fully 
stripped  ions  to  hydrogen-iike  ions  is/?i,flr_The  lower  curve 
in  each  grout)  is  for  electron  density  103Z"  cm"3,  the  middle 
curve  for  10  * Z1 , and  the  upper  curve  for  10l!Z  The  ioniza- 
tion potential  of  the  hydrogen-iike  ion  is  E ..  In  steady  state, 
the  fractional  ionization  .V...V..,  is  equal  -o  Rft:. 


:a* 


this  PAGE 

FRO*  OOP  * 


ISBES„„H,mmc»xcA»LB 

FUKllISHZD  10  OUC 


3 


Volume  21.  number  2 


OPTICS  COMMUNICATIONS 


May  1917 


ionization  and  recombination.  We  are  primarily  inter- 
ested in  the  densities  of  fully  stripped  and  hydrogen- 
like ions.  For  corona  equilibrium  [10],  the  rates  of  col- 
lisional  ionization  R , and  radiative  and  three-body  re- 
combination R r are  shown  in  fig.  2,  along  with  the 
ratio  of  fully  stripped  ion  density  to  hydrogen-like  ion 
density  R^/R^  - To  obtain  fully  stripped  ions  with  low 
atomic  number  Z.  the  ratio  of  the  plasma  electron 
temperature  Tt  to  the  ionization  potential  of  the  hydro- 
gen-like ion  Et  must  be  greater  than  0.1  -0.2.  The  frac- 
tional ionization  is  a relatively  weak  function  of  ,Ve  for 
low  electron  density.  For  electron  density  greater  than 
I016Z7  cm  Saha  equilibrium  prevails. 


2.  Shock  generated  plasma 

A hot  plasma  may  be  generated  behind  a shock  wave 
propagating  through  a low  density  gas.  Additional  heat- 
ing occurs  when  the  primary  shock  wave  is  reflected 
from  the  end  of  a shock  tube.  The  temperature  of  the 
plasma  formed  behind  the  primary  shock  wave  may  be 
estimated  by  solvtng  the  conservation  laws  for  mass, 
momentum,  and  energy  [11]: 

.V  .1/  ( l''  - u ) * lVQ  M V.  ,1) 

■V.Vf  i V - u)-  * P*  .VQ  M V2  + P0,  [2) 

^M(V-u)2  *H0,  (3) 

where  V is  the  velocity  of  the  primary  shock  wave  and 
ti  is  the  flow  velocity  of  the  plasma  behind  the  shock. 
The  density,  pressure,  and  enthalpy  ahead  of  the  shock 
are  ,Vn,  p^.  and  //0  respectively,  and  the  corresponding 
quantities  behind  the  shock  are  .V,  P,  and  H.  We  make 
the  strong  shock  assumption  P>  Pt)  and  H>  If  the 
plasma  behind  the  shock  is  composed  of  fully  stripped 
ions  in  thermal  equilibrium  [12],  then 

/*  * k 7\V  ( l Z)  (4) 

H»\kT(  l+Z)+Et.  (5) 

We  may  now  solve  for  the  plasma  temperature  as  a func- 
tion of  shock  velocity,  and  the  results  are  shown  in 
fig.  3(a).  To  obtain  fully  stripped  low-Z  ions  lkTt,Ez 
> 0.1 ).  the  shock  velocity  must  be  greater  than  about 
10'  cm/s.  Shock  velocities  of  this  magnitude  are  easily- 
obtained  in  high  energy  shock  tubes  [1 1 ] . The  shock 
compresses  the  gas  by  the  factor  .V/.Vq  which  is  also 
shown  in  fig.  3(a). 

248 


MV*  /2Et 


Fig.  3.  la)  The  density  and  temperature  behind  the  primary 
shock  wave  as  a function  of  the  velocity  of  the  primary  shock 
wave  V.  (b)  The  density  and  temperature  behind  the  reflected 
ihock  wave  as  a function  of  the  velocity  of  the  primars  shock 
wave  V. 
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The  conservation  laws  for  the  reflected  sho.k  wave 
are 

\\i  tu*  t'Rt-.vR  m rR  io) 

v.W(m  ♦ yR):  * /> - vR  ,v/  r*  */>R,  n 

i-Vtu  ♦ rRr  eff-irwr*  *hr.  ts> 

where  rR  is  the  velocity  of  the  reflected  shock  wave, 
and  PR  and  HR  are  the  pressute  and  enthalpy  behind 
the  reflected  shock  wave: 

PR  " * fR  VR  ^ * Z)-  'l)) 

Hr  -4  k rR  tl  <-Z)  *E.  1 10^ 

After  solving  eqs.  iot-iS>.  the  density  and  temperature 
behind  the  reflected  shock  wave  are  found  to  increase 
by  factors  of  3 to  4 as  shown  in  fig.  3(b  1.  Hie  compres- 
sion of  the  ambient  gas  by  the  primary  and  reflected 
shock  waves  is  particularly  important  for  elements  with 
low  vapor  pressure  such  as  lithium  and  beryllium.  Ad- 
ditional compression  may  be  achieved  bv  tapering  the 
end  of  the  shock  tube  so  that  the  shock  wave  comes  to 
a focus  [ 13.14) . 

The  plasma  behind  the  reflected  shock  wave  expands 
through  a negate  and  mixes  with  the  gas  target  in  the 
interaction  region  shown  ,n  tig.  I The  gas  target  rnav 


be  confined  behind  a diaphragm  which  is  burst  as  the 
plasma  expanus  through  the  noggle.  or  the  gas  mav  be 
iniected  into  the  plasma  flow  (IS).  In  the  event  the 
target  gas  pressure  is  so  high  as  to  prevent  mixing,  it 
may  be  necessary  to  mix  bv  injection  of  the  target  gas 
in  a manner  similar  to  that  widely  used  in  chemical 
lasers.  In  this  case  the  mixing  time  must  be  short  ana 
various  fast  mixing  schemes  will  have  to  be  investigated. 
During  charge-exchange  reactions  between  the  fully 
strtpped  plasma  ions  and  the  neutral  target  atoms,  elec- 
trons are  picked  -ip  into  excited  states  of  the  itydroeen- 
like  plasma  ion  At  thermal  energies,  endothermic 
charge  exchange  reactions  are  negligible  compareo  to 
near-resonant  exothermic  reactions  [loj  Thus  the  tar- 
get atom  may  be  selected  to  direct  the  electron  transfer 
into  a specific  -excited  state  of  the  hydtogen-like  ion. 
For  example,  the  energy  levels  of  La  111  and  xenon  are 
shown  in  fig.  4 Charge  transfer  should  be  primarily  in- 
to the  .V  ■ 3 level  of  the  lithium  .on.  with  most  ol 
these  electrons  going  into  the  lugiiiv  degenerate  30 
stale.  Thus,  the  upper  sute  of  the  Baimer-oi  transition 
is  preferentially  filled.  Lundau-Zener  calculations  in- 
dicate that  the  charge  exchange  section  is  of  order  [4 1 


May 


'2*  a 


.33  i 

3 Si  iCV 


I if.  4 Energy  levels  Jt  hvdrofen-Jike  lithium  and  venon,  showing  :he  nearlv -resonant  electron  transfer  pump  reaction  mJ  -he 
Balmeru  transition  at  '"2'>  V. 
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at  thermal  energies.  The  charge  exchange  rate  is  op  V.. 
where  V.  is  the  thermal  velocity  of  the  ion.  Processes 
that  compete  with  the  charge  exchange  pump  reaction 
such  as  electron  impact  ionization  and  excitation  of  the 
target  atoms,  must  be  alleviated.  This  may  be  done  by 
reducing  the  average  plasma  electron  energy  to  less  than 
the  ionization  and  excitation  threshold  of  the  target 
atom  by  allowing  the  plasma  to  expand  rapidly  through 
a nozzle.  The  expansion  time  must  be  smaller  than  R~  *. 
the  time  constant  for  recombination,  so  that  the  degree 
of  ionization  is  "frozen'’  in  a manner  somewhat  analo- 
gous to  the  ’’freezing"  of  vibrational  energy  in  gas  dyna- 
mic lasers  [ 1 "1 . 


Values  tor  the  photoabsorptton  cross  section  ate  from 
rets.  [20 1 and  |2I  | 


He:* ♦ Na 

LiJ  * ♦ Xe 

X l A I 
-tuts’1} 
ap  tcm*^ 

»ab>  'em’) 

,vpm  (cm  ) 

1640 

:.i  x io1 

4 X I0’“ 

7 x IO’14 

2 x 10,‘: 

*29 

3.6  x 10* 

9 x 10'“ 

6 x IO'17 

7 x 1015 
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3.  Laser  gain 

The  net  linear  gain  may  be  written  (13] 


G • \*  L W 


a . .V  L. 

sbi  t 


where  ojb,  is  the  cross  section  for  absorption  of  radia- 
tion with  wavelength  A in  the  target  gas.  and  .VT  is  the 
density  of  target  atoms.  We  neglect  photoabsorption 
bv  the  plasma  ions  and  electrons.  Taking  into  account 
the  pumping  rate  op  V.  ,VT>  the  collisional  depopula- 
tion of  the  upper  laser  state  <TU  [10).  and  spontaneous 
decay  .gu.  the  steady-state  population  inversion  is 

o.  V.  -V,.V. 

-IV-  <'J) 

* U U 

where  .V.  •,$  the  density  of  fully  stripped  plasma  ions. 
Since  for  the  Balmer-or  transition  .-lu/u  -<.-1^. 
gain  is  approximately 

C-.VTL[,\J.V..;?-»T:-<7jbJ.  (14) 

We  have  also  assumed  that  the  Doppler  broadening  of 
the  spectral  line  is  much  greater  than  Stark  broadening 
[ 10] . and  that  radiative  decay  of  the  upper  laser  state 
dominates  collisional  depopulation  f.4  u > Cu).  This 
last  assumption  effectively  puts  an  upper  limit  on  the 
electron  density  in  the  interaction  region.  For  positive 
gam  to  occur,  we  must  have 

Vr>4":*ab,V3’  "5) 

which  puts  a lower  limit  on  the  fully  stripped  ion  den- 


lO  0 

•*! 


Fig.  J.  (a)  Plasma  parameters  for  formation  of  the  fully  strip- 
ped plasma  i solid  lines!  and  for  lusiny  on  the  Balmer-o  line  of 
helium,  lb)  Plasma  parameters  for  formation  of  the  fulls  strip- 
ped plasma  i solid  lines)  and  for  lastn*  on  ihe  Balmer-a  line  of 
lithium. 
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uty  in  the  interaction  region  as  given  in  table  1 . Note 
that  condition  (15)  is  independent  oi'  the  temperature  in 
the  interaction  region.  The  upper  and  lower  bounds  on 
the  electron  density  in  the  interaction  region  ate  shown 
in  tig.  5.  for  the  two  cases  of  helium  and  lithium  ions. 
The  plasma  parameters  .Ve  and  Tt  necessary  for  forma- 
tion of  the  fully  stripped  plasma  are  also  shown  in  tig.  5. 
We  require  that  the  plasma  formation  time  R~[  be 
smaller  than  10ms.  the  formation  tune  of  a typical 
shock  tube  generated  plasma,  and  that  the  recombina- 
tion time  R~'’  be  greater  than  lOus  so  that  the  ioniza- 
tion is  frozen  as  the  plasma  expands  through  the  nozzle 
into  the  interaction  region.  -Vs  mentioned  above,  the 
electrons  must  rapidly  cool  as  the  plasma  expands 
through  the  nozzle.  Then  electron  collistonal  ioniza- 
tion and  excitation  of  the  target  atoms  do  not  domi- 
nate the  charge  exchange  pump  reaction.  This  implies 
that 

V':‘V:  >-V5,on^xc'-  <16> 

where  5on  and  Scxc  are  the  rates  for  electron  impact 
ionization  and  excitation  of  the  target  atoms  [221 . 
Condition  l lo)  puts  an  upper  bound  on  the  electron 
temperature  in  the  interaction  region  as  given  in  table  2. 
Thus  the  electron  temperature  must  decrease  by  about 
an  order  of  magnitude  as  the  plasma  expands  through 
the  nozzle. 

The  net  gain  given  by  eq.  1 14)  is  a function  of  the 
densities  .V.  and  .Vw  in  the  interaction  region  and  the 
length  L of  the  active  region.  Taking  the  densities 
equal  to  3 X It)1*  cm-3  and  L equal  to  10  cm,  the 

Table  2 

lonuanon  is  designated  I and  excitation  E The  threshold  energy 
is  Sa.  and  Co  “ th«  maximum  cross  section. 


Reactant 

(Jo  .cm*) 

E0  .eV) 

rmax 

N*  1 

4.5  x 10'" 

3.1 

0.7 

E 

2.2  x 10'" 

2.1 

0.3 

X#  1 

3 3 x 10'" 

12.1 

2.1 

E 

1.6  x lO'17 

3.7 

1.6 

gain  is  400  for  the  Balmer-a  line  of  helium  ( lt>40  A) 
and  t>0  for  lithium  |'29A) 
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Soft  x-ray  laser  pumped  by  charge  exchange  between 
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FACS  number*  42.33  H»  ’A’O  -a.  12. 30. FT 

I.  INTRODUCTION 

Dua  to  th#  unfavorable  scaling  o(  small-  signal  Laser 
(din  with  wavelength,  X1  in  th*  cui  of  Doppler  broaden* 
mg,  a largo  population  inversion  must  be  generated  in 
order  to  demonstrate  lasing  below  1000  A.’  In  addition, 
pumping  if  the  upper  laser  state  must  be  rapid  to  over- 
come the  spontaneous  decay  of  the  laser  transition.  The 
requirements  of  high  density  and  rapid  pumping  ire 
satisfied  m laser-produced  plasmas.  Suggested  pumping 
mechanisms  are  recombination  into  high-lying  energy 
states, : electron  collislonal  excitation, 1 photoioniza- 
tlon, 1 and  charge  exchange.  * Of  these,  charge  exchange 
seems  to  be  the  most  promising  at  the  present  time. 1 

In  this  paper,  we  shall  consider  the  conditions  under 
which  lasing  on  the  Balmer-a  line  of  hydrogenlike 
carbon  may  occur  when  a laser-produced  carbon  plasma 
expands  into  a background  gas.  The  pumping  mechanism 
Is  the  charge  exchange  reaction 

C*  - r‘-C**(n»-  r“*»,  (1) 

where  IT'  is  the  background  species  with  charge  t,  and 
n is  the  excited  energy  level  of  the  hydrogeniike  carbon 


FIG.  1.  The  experimental  configuration  for  a C VU  Arm 
IS2-A  laser. 


Ion.  We  are  particularly  interested  In  the  Balmer-a 
transition  it >3  — 2 at  182  A,  since  this  is  the  shortest- 
wavelength  An  * 1 transition  and  does  not  terminate  on 
the  ground  level  of  the  ton.  Carbon  plasmas  produced 
from  graphite  and  polyethylene  targets  have  been  wide- 
ly studied, 4 and  we  shall  limit  our  discussion  to  this 
element.  The  scheme  could  be  extended  to  include  other 
solid  targets,  as  well  as  plasmas  formed  from  gaseous 
targets. 

Elton  and  Dtxon:  have  suggested  neutral  helium  as  a 
candidate  for  the  background  gas  reactant.  As  we  show 
below,  it  is  unlikely  that  neutral  atoms  will  survive  in 
the  environment  of  intense  radiation  and  hot  electrons 
near  the  solid  target.  We  propose  that  an  ionized 
species,  such  as  Ar  01,  be  used  instead. 

The  configuration  is  shown  in  Fig.  1.  Neodymium- 
glass  laser  radiation  of  intensity  10"— 10"  W car  is 
focussd  on  a solid  graphite  or  polyethylene  target 
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TABLE  I.  Timpartium  and  densities  at  distance  t from  tha 
target  Blf.  11). 


* 

•am) 

T. 

lev) 

•V, 

U0»*  ear1* 

•v, 

•10*'  cm''1 

1.0 

39 

4 

9 

l.S 

17 

0.9 

0.1 

i.i 

* 

0. 17 

0.04 

Immersed  in  a background  (U  such  as  art  on.  Ths 
background  <u  must  be  at  low  prsasura  so  that  break* 
down  does  not  occur.  A dans*  carbon  plasma  expands 
Into  tha  backs  round  fas.  Plasma  electrons  and  continu- 
um radiation  rapidly  ionize  tha  background  atoms  near 
tha  plasma- gas  interface.  As  we  show  below,  the 
charge  exchange  reaction 

C^-Ar4  -C-*(n«3)-Ar*J  U) 

is  more  rap  id  than  the  electron  collisions!  ionization  of 
Ar  UI.  This  charge  exchange  reaction  preferentially 
(Ills  the  *»1  level  of  C VI  (see  Fig.  2).  and  lasing  on 
the  192- A line  of  C VT  may  occur  along  the  plasma-gas 
interface. 

II.  PLASMA  FORMATION 

A dense  carbon  plasma  may  be  readily  formed  by 
focusing  intense  laser  radiation  on  graphite  or  polyethy- 
lene solid  targets  or  a methane  gaseoua  target.  We 
shall  Limits  our  coneideratton  to  plasma  formed  from 
a polyethylene  foil  target,  since  this  has  been  most 
extensively  studied.  ’*15 

When  V- switched  ruby  or  Nd-glass  radiation  with 
intensity  IMG1’  W cm*  is  focused  onto  a polyethylene 
foil  0. 25  mm  thick,  a dense  carbon  plasma  is  formed 
at  the  (oil  surface.  ,"4*  The  plasma  expands  adiabatical- 
ly  as  e>sctron  thermal  energy  is  convtrted  into  stream- 
ing motion  of  the  ions.  For  Ideal  spherical  expansion, 
the  plasma  density  decreases  as  x4  and  the  electron 
temperature  as  x4.  The  measured  electron  densities 
and  temperaturts  at  various  distances  from  the  foil 
are  given  m Table  C.  At  distances  greater  than  l mm, 
the  ions  stream  outward  with  velocity  3 x 10:  cm.  sec. 
About  TOf  of  the  incident  laser  energy  is  converted  into 
ton  streaming  energy. 

The  plasma  from  the  polyethylene  (CjH,),  foil  is  com- 
poeed  of  highly  ionised  carbon  and  hydrogen.  The  high- 
eet  ionisation  state  C VD  expands  preferentially  in  the 
direction  normal  to  the  target  surface,  and  the  lower 
ionisation  states.  Including  hydrogen, 1 sre  directed 
more  parallel  to  the  target  surface.  The  C VH  Iona  are 
also  concentrated  at  the  leading  edge  of  the  expanding 
plasma.  ’ Thus,  the  short-wavelength  laser  species 
C VII  is  separated  from  the  bulk  of  the  plasma  in  both 
space  and  time  as  shown  in  Fig.  1,  and  Is  available  to 
teed  the  laser  pump  reaction  (2)  at  the  pUsma-gas 
interface.  This  is  In  contrast  to  C VI,  the  laser  species 
of  Rtf.  1.  which  is  concsntratsd  in  the  Interior  of  the 
plasma. 

The  experiments  described  In  Refs.  3—12  were 
performed  m a vacuum.  U the  polyethylene  target  is 
lmmsrsed  in  argon,  we  must  ensure  that  the  argon 
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background  gas  does  not  oreak  down  and  absorb  the 
1.08-u  radiation,  thereby  preventing  formation  of  the 
carbon  plasma.  The  experimentally  observed14”14  in- 
tensity thresholds  for  breakdown  of  argon  by  ^-switched 
Nd-glass  radiation  art  shown  ut  Fig.  3.  The  break- 
down threshold  increases  sharply  as  the  argon  pres- 
sure, lens  focal  length,  and  pulse  duration  are  reduced. 
The  breakdown  threshold  should  be  well  above  3 * 1011 
W cm1  for  argon  pressure  below  100  Torr,  focal  length 
of  several  centimeters,  and  pulse  duration  of  10  nsec. 
We  note  that  the  breakdown  thresholds  for  picosecond 
pulses11  are  two  orders  of  magnttud#  higher  than  those 
shown  m Fig.  3,  but  it  is  uncertain  that  a Large  number 
of  carbon  ions  would  be  fully  stripped  in  a pulse  of  such 
short  duration.  The  breakdown  threshold  for  CO-  laser 
radiation  ia  more  than  an  order  of  magnitude  lower11 
than  thoae  of  Fig.  3. 

Breakdown  effects  place  an  upper  limit  of  about  100 
Torr  on  the  argon  pressure  near  the  surface  of  the 
polyethylene  (oil.  As  we  show  in  Sec.  HI.  absorption  if 
132-A  radiation  puts  an  even  more  severe  limit  on  the 
argon  pressure. 

An  alternate  arrangement  would  be  to  let  the  plasma 
formed  tn  a vacuum  expand  through  a slit  into  a chamber 
containing  higher-pressure  argon.  14  But  the  plasma  den- 
sity would  decrease  during  the  expansion,  resulting  tn 
lower  User  gain,  and  the  gas  pumping  requirements 
would  be  a cumbersome  experimental  restraint. 

For  a target  Immersed  in  a background  gas  of  pres- 
sure l— 10  Torr,  the  initial  expansion  of  the  carbon 
plasma  is  not  affected  by  the  presence  of  the  background 
gas. 14  But  after  100  nsec,  when  the  plasma  has  ex- 
panded to  a radius  jf  several  millimeters,  a blast  wave 
separates  from  the  leading  edge  of  the  plasma  and 
propagates  ahead  of  the  plasma-gas  interface.  i0~4i  The 
gas  behind  this  shock  wave  is  highly  ionized. 14  We  show 
below  that  formation  of  the  population  Inversion  and 
lasing  on  the  182- A line  of  C VI  should  occur  within  a 


FIG.  3.  Intensitv  threshold  for  breakdown  o argon  w V- 
swttched  Nd-glass  radiation  Refs.  W— 141, 
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FIG,  4.  Rata*  of  electron  collisions!  ionization  of  argon  5 and 
chart*  axchaag*  A. 


millimeter  of  th*  target  surface  before  development  of 
tha  Blast  wav*  occurs. 

Th*  carbon  plasma,  expanding  into  th*  argon  back- 
ground gas.  forms  th*  activ*  m*dlum  of  th*  182- A 
laser.  In  order  to  «nsur*  that  lasing  occurs  along  th* 
axis  of  th*  activ*  medium,  th*  length  of  th*  aettv* 
medium  must  b*  much  greater  than  th*  transverse 
dimension.  For  example,  assume  that  a 1-cm-dlam 
beam  ot  Nd-glass  radiation  is  (ocus*d  by  a cylindrical 
tens  to  a rectangular  spot  of  length  1 cm  and  width  100 
u on  th*  polyethylene  foil.  For  puls*  duration  10  nsec 
and  focused  intensity  3*  10“  W cm*,  th*  Nd-glass  laser 
energy  must  be  30  J.  At  a distance  of  1 mm  from  th* 
(oil,  th*  transverse  dimension  of  th*  plasma  has  ex- 
panded to  about  1 mm.  ’ Th*  C VH  ions  interact  with  th* 
argon  background  gas  over  an  area  about  1 cm  long  and 
1 mm  wide,  and  lasing  should  occur  along  th*  1-cm 
length  if  th*  plasma.  If  70*7  * of  th*  Nd-glass  radiation 
energy  is  converted  into  C vn  with  streaming  velocity 
3*10'  cm  sec  ilunetic  energy  3.6  k*V),  th*  total  num- 
ber of  ions  produced  is  about  2*10“.  If  each  of  these 
ions  results  in  the  emission  of  a 182-A  photon,  th*  total 
energy  emitted  ts  0.  2 J.  Thus  an  upper  bound  on  th* 
eiflciencv  of  conversion  of  1.06  u radiation  to  182-A 
radiation  ts  approximately  l rc. 

III.  COLLISIONAL  PROCESSES 

At  the  interface  between  th*  expanding  carbon  plasma 
and  th*  argon  background  gas,  argon  atom*  are  rapidly 
ionized  by  electron  collisions.  For  Maxwellian  electron 
distribution  with  temperature  T„  th*  rat*  of  electron 
collisional  ionization  is!1 

(3) 

where  i * 0, 1. 2.  • • • is  th*  argon  charge  state,  r,  is  th* 
cross  section  as  a function  of  electron  energy,  and  Vt 
is  th*  average  electron  thermal  velocity: 

r,«(6*r„  *.  (4) 

Th*  *1*  ctron  drift  velocity  is  negligible  compared  to  the 


electron  thermal  velocity  for  th*  first  few  millimeters 
of  plasma  expansion.  Using  cross-section  data24  and  the 
experimentally  observed  electron  temperature  and  den- 
sity near  th*  polyethylene  foil,  the  rat*  of  electron 
collisional  Ionization  of  argon  as  a function  of  distance 
from  th*  foil  is  shown  In  Fig.  4.  It  is  apparent  that 
ionization  of  th*  argon  background  gas  by  th*  plasma 
electrons  is  very  rapid  near  th*  target. 

Little  theoretical  or  experimental  work  has  been  don* 
on  charge  exchange  reactions,  such  as  reaction  (2), 
involving  two  colliding  ions.  A Landau- Zener  calcula- 
tion extending  th*  theory  of  Ref.  23  is  in  progress  and 
will  be  reported  elsewhere.  Preliminary  results  in- 
dicate that  th*  cross  section  tor  electron  pickup  into  th* 
e«3  level  of  C VI  is  of  th*  order  of  10*'*  cm;,  and 
pickup  into  other  levels  Is  smaller  by  an  order  of  mag- 
nitude. Since  th*  ion  thermal  velocity  is  negligible  com- 
pared to  th*  ion  streaming  velocity  3*10!  cm  sec, 
th*  charge  exchange  rat*  is  of  th*  order  of 

S*  (3*10**  cm2  s*c).Ve,  (5) 

where  S,  is  th*  density  of  C VII.  Using  th*  experimen- 
tally observed  densities,  th*  charge  exchange  rate  as  a 
function  of  distance  from  th*  polyethylene  foil  is  given 
by  th*  dotted  line  in  Fig.  4.  Th*  two-electron  transfer 
reaction 

C*  -Ar4 -C”4  -Ar*  !6> 

is  exothermic  by  more  than  TOO  *V  and  Is  negligible 
compared  to  single-electron  transfer. 

In  ideal  adiabatic  expansion,  th*  electron  density  de- 
creases as  r‘J  and  th*  electron  temperature  as  r"2.  Th* 
ionization  rat*  given  by  Eq.  (3)  is  proportional  to 
.V, rJ/!,  which  decreases  as  r-4.  Th*  charge  exchange 
rat*  given  by  Eq.  (3)  decreases  as  i*2.  At  distance* 
less  than  1.5  mm  from  th*  target,  Ar  1H  is  more  likely 
to  undergo  electron  collisional  ionization  than  the 
charge  exchange  reaction  (2).  Beyond  1.3  mm.  the 
charge  exchange  reaction  dominates. 

Th*  dens*  hot  plasma  near  th*  surface  of  the  foil 
target  is  a strong  source  of  continuum  radiation  with 
wavelength  greater  than  300  A. 4 From  400  A to  the 
ionization  edge  at  787  A.  th*  photoabsorption  cross 
section  of  argon  is  3*10"i:  cmv:  For  argon  pressure 
above  10  Torr,  the  ionizing  continuum  radiation  is  ab- 
sorbed in  th*  first  millimeter  of  argon. 

Th*  argon  gas  near  th*  target  is  rapidly  ionized  by 
the  plasma  electrons  and  continuum  radiation.  At  dis- 
tances of  1.3  mm  or  more  from  th*  target,  the  charge 
exchange  reaction  (2)  dominates  over  electron  colll- 
sional  ionization.  This  is  the  region  of  interest  for 
achieving  a population  inversion  on  th*  132-A  line  of 
C VI. 

IV.  THRESHOLD  INVERSION 

Du*  to  low  mirror  reflectivity  at  182  A,  sufficient 
population  inversion  must  probaoly  be  generated  for 
amplification  to  occur  during  a single  pass  through  the 
laser  medium.  We  shall  calculate  th*  population  inver- 
sion that  results  m a single-pass  gain  of  10  cm'*  over  a 
distance  of  1 cm. 
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TABLE  3.  Arfon  ionisation  cross  sections  at  threshold. 

CroM  Mcnoas  at  threshold  (Mb) 

l> 2< 2L_ 

Ar  3 JO  2 3 

Arm  10  0.9  1 

Ar  IV  <0.1  .01  0.0* 


Recent  pro* ran  baa  barn  m ado  on  multilayer  reflec- 
tWo  coatings  In  th#  vacuum  uitraviolst.  Rsflectivtty  of 
2.7**  baa  barn  experimentally  demonstrated  at  182  A, 
and  hlfhar  reflectivities  in  tba  naar  future  ar*  Ukaly. 

It  ta  shown  balow  that  ua*  of  2.  ?**  mirrors  raducaa  th* 
thraahold  fain  by  a (actor  of  only  3,  and  It  la  doubtful 
that  that*  multUayar  coatlnf  s could  wlthatand  th*  high- 
lntanaity  radiation  ganaratad  whan  thraahold  is  exceeded. 

Th*  thraahold  Inversion  may  b*  written2* 
xvr  - (8#  AlAn  S)(1Q/L  - A;'),  (1) 

where  \ is  th*  laser  wavelength.  .An  ia  th*  spontaneous 
transition  rate.  / is  th*  Unawidth,  L is  th*  laser  length, 
and  L,  is  th*  loss  length.  The  photoabsorption  cross 
section  (or  182- A radiation  in  neutral  argon  is21 

Q, :» 1.  $ x 10”**  cm2.  (8) 

Tha  absorption  length  in  10  Torr  argon  is  1.9  cm.  If 
longer  absorption  lengths  are  required,  as  in  a grazing 
incidence  spectrometer,  argon  must  b*  pumped  to 
lower  pressures,  or  th*  spectrometer  must  be  (tiled 
wuh  a low-absorption  gas  such  as  H,  (Q,»  1.8x10*'* 
cm222). 

Th*  photoabsorption  crosa  sections  ot  argon  ions 
have  not  b**n  measured.  Th*  photoabsorption  cross 
section  at  ionisation  threshold  may  b*  estimated  (rom 
th*  electron  coUialonal  cross  section  at  threshold2' 

Q,  ■v'Ja/0,1,  (9) 

wh«r*  a is  th*  (in*  structure  constant,  [ is  th*  ionisa- 
tion potential  in  atomic  units,  o,  is  th*  electron  coUl- 
sional  cross  section  at  threshold,  and  th*  effective 
Gaunt  (actor  is  7«0.2.  The  values  of  t),  are  Hated  in 
Table  Q.  An  independent  estimate  at  th*  photoabsorption 
cross  section  may  b*  obtained  by  treating  th*  argon 
ion  as  a hydrog*nlilt*  ion  wuh  nuclear  charge  (Z  - 1)  n: 

Qf  • 2* v‘*l'mr24  '3»"3ch*n1  v1 , (10) 

wh*r*  a la  th*  energy  level  and  v is  th*  radiation  fre- 
quency. This  expression  may  b*  rewritten 

Q;w(2‘aToV3*3z,)(Z,V)ii<n2!,)  (11) 

wh*r*  £,  is  equal  to  13.8  eV.  At  ionization  threshold, 
th*  quantity  in  square  brackets  is  unity.  Lotting  n 
*(Z*  2J)wt,  th*  valu*s  ol  Q*  at  ionisation  threshold  are 
given  in  Table  □.  Th*  values  of  the  photoabsorption 
cross  sections  of  argon  ions  at  ionisation  threshold 
esUmated  (rom  Eqs.  (9)  and  (11)  agr*«  (airly  well. 
According  to  Eq.  (11),  th*  cross  section  at  182  A is 
lower  than  the  cross  section  at  the  ionization  threshold 
by  the  (actor  (182  A/X,)\  where  v,  is  the  wavelength  at 
th*  ionisation  threshold.  Th*  photoabsorption  o(  182  A 
in  ionized  argon  is  thus  less  than  10*"  cm2.  Free-free 
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absorption,  Thomson  scattering,  and  infraction  loss- 
es are  negligible  compared  to  photoabsorption. 

Returning  to  Eq.  (7),  th*  dominant  loss  mechanism 
(or  th*  182-A  laser  radiation  is  photoabsorption  by  the 
ionised  argon  near  th*  plasma- gas  interface.  For  argon 
pressure  o(  10  Torr,  th*  loet  term  L'x  is  less  chan  0. 1 
cm*'.  For  laaer  length  1 cm, 

(10/f.  »£.*') -10. 4 cm*'.  (12) 

W*  not*  that  if  2.  T°f  mirrors  were  used,  this  (actor 
becomes 

(InR*2  2L  <■£;')  =4.0  cm*',  (13) 

which  reduce*  th*  threshold  invtrsion  (7)  by  a iactor 
o(  about  3. 

Ths  spectral  broadening  ol  several  o(  th*  An  * 1 
transitions  o(  C VT  at  a distance  at  1 mm  (rom  the  (oil 
have  been  measured"  and  ar*  shown  in  Table  m.  Th* 
dominant  broadening  mechanism  for  these  lines  is 
Stark  broadening  due  to  quasistatic  ion- ion  collisions. 
Scaling  (rom  th*  3290-A  line,  the  full  Stark  width  at 
half- maximum  goes  like" 

AX  = <33  A)(A.  3290  A)2(n,  7),  (14) 

where  n,  is  the  lower  energy  level.  These  scaled  Stark 
widths  are  also  given  in  Table  !□.  The  plasma  expan- 
sion velocity  normal  to  the  (oil  surface  is  3 * 10:  cm 
sec.  Th*  component  of  velocity  in  the  direction  parallel 
to  th*  (oil  surface  is  an  order  of  magnitude  smaller. 12 
The  ion  thermal  velocity  is  negligible  compared  to  the 
expansion  velocity.  Th#  (ull  Doppler  widths  due  to  the 
component  of  the  expansion  velocity  parallel  to  the  foil 
surface  are  given  in  th*  last  column  of  Table  m.  It  is 
apparent  that  th*  132-A  line  is  primarily  Doppler 
broadened.  Th#  llnewidth 

g*'»(AXc  \2)(i»  ln2)*/ * (15) 

Is  equal  to  3.4xl0,:  sec"'. 

The  (In*  structure  states  of  a given  level  u of  a 
hydrogenlike  ion  ar#  rapidly  mixed  by  electron  colli- 
sions. If  the  mixing  rat#  is  faster  than  the  radiative 
decay  rat#  of  th#  level  it,  then  th#  fin#  structure  states 
are  occupied  according  to  their  statistical  weights. 

The  condition  for  statistical  equilibrium  is22 

.v„  Tj/  2 -•  (6  X 10*  s#cU„.  (18) 

where  Am  is  th*  radiative  decay  rat*  of  the  np  state. 


TABLE  m.  Spectral  broadening  if  the  An  - 1 transitions  of 
CVL 


"l 

\ 

U) 

aa  (A)  full  width  at  aslf- 

Stark  Stark 

•observed*  ‘scaled) 

maximum 

Doppler 

9 

; 

5290 

33 

33 

l.l 

7 

» 

3434 

13 

12 

0.69 

4 

s 

2070 

4 

J.  6 

0.41 

5 

4 

1125 

0.  fS 

0.22 

4 

3 

521 

0.14 

0.10 

3 

1 

192 
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F!C.  1.  Transitions  included  m -hs  rats  equations  (or  :hs  ,*>p- 
u 1st  .on#  ol  tile  Isvsls  M C VI. 


is  th#  plasma  electron  density  in  amt*  of  cm*1,  and 
T,  is  th#  electron  temperature  in  anus  of  #V.  For  C VI. 
It,  *2.  2*  Id*’  eec"’  and  condition  ,14)  is  wall  satisfied 
in  dens#  laser- produced  plasmas.  The  ’.rant  it  ion 
probabilities  !or  C VI  shown  in  Fig.  2 ars  scaled  ircm 
hydrogen  assuming  statistical  occupation  o(  th*  iln* 
structure  stats*.11  Th*  ladlativ*  transition  rat*  for  th* 
142- 1 lin*  is 

aS.  ? « It)14  S*C*'.  (17) 

Substituting  Eqs.  U2),  ,1)1.  and  .171  into  Eq.  (7),  th* 
threshold  inversion  is 

a.\.«4.T'»  10“  emJ.  .14) 

This  is  mor*  than  an  order  if  magnitude  lower  than  :h* 
tensity  o<  C VH  in  th*  plasma  1—2  mm  trom  th*  (oil 
target. 

V RATE  EQUATIONS 

Th*  interaction  o(  an  expanding  plasma  with  a back- 
ground <a*  is  a difficult  problem  to  model,  w * shall 
Limit  our  consideration  to  distances  greater  than  1.} 
mm  from  th*  target  where  gain  on  the  182-.A  Un*  of 
C VI  is  most  likeiv  to  occur.  At  these  distances,  th* 
argon  background  gas  is  twice  ionized  bv  th*  plasma 
electrons,  and  th*  laser  pump  reaction  (2)  dominates 
oeer  further  .onuation  of  th*  argon  ions. 

Th*  electron  densities  and  temperatures  of  laser- 
produced  plasmas  are  in  th*  corona  equilibrium 
regime.  Th*  population  of  th*  lower  excited  states  of 
C VI  are  determined  be  collision-induced  upward  transi- 
tion* and  sponiansiM*  downward  transitions,  as  shown  in 
Fig.  3.  Her*  .4„  is  th*  spontaneous  decsv  rat*  given 
in  Fig.  2.  and  0a  is  the  collisions!  excitation  rat*11 
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may  be  neglected.  Th*  electron- ion  recombination  rat* 
is  of  th*  order  of  19'  sec'1,  ” and  is  small  compared  to 
th*  charge  exchange  rat*  A given  by  Eq.  SI.  '.V*  not* 
that  population  inversions  due  to  electron- ion  recom- 
bination in  a Laser- produced  carbon  plasma  have  been 
experimentally  observed. 11  However,  th*  population 
inversions  are  so  low  that  demonstration  of  significant 
Laser  gain  may  require  traveling- wav*  excitation.  Th* 
charge  exchange  rat*  given  by  Eq.  (S)  is  two  orders  of 
magnitude  Larger  than  th*  recombination  rate,  and 
should  lead  to  much  Larger  population  inversions. 

Th*  population  inversion  for  th*  e • J -2  transition  is 


a.v-.v, -gj.v.  iX,  (2o 

where  g.  wOe1  is  th*  degeneracy  of  th*  ith  Level,  in 
steady  state,  th*  rat*  equations  for  th*  upper  Laser 
state  \,  and  th*  Lower  laser  state  \.  reduce  to 

lA.,-.Ai:-r’u).V,-/l.VI,|-0,|.Vs.  ,21 

C.4.,  » D. j/W.  m .4  jj.\  ( - £>1S.\,,  ,22 

where  is  th*  densitv  of  Ar  HI.  Th*  sieadv-stat* 
population  inversion  may  be  written 

A V - - *A-a>  _ ,, 

u4j»  *.4,|  - £tu)  4.4., 

Du*  to  th*  Large  energy  gap  between  ih*  i * 1 and  2 
levels.  is  about  seven  orders  ot  magnitude  smaller 
than  4;t,  and  th*  Last  term  m Eq.  (23)  is  negligible.  If 
radiation  trapping  of  th*  33.  8-  A Liman-, a radiation 
were  important,  this  term  would  be  larger.  Th*  >*rm 
DjjA,  in  Eq.  ,23 ) is  negligible  compared  to  A.V 

L’» mg  Eq*.  i3>  and  il3>  and  th*  spontaneous  transi- 


■00  t«’  Sr  fee 


( I •Coo"  ) 


where  A,  is  th*  electron  density  in  units  ot  cmJ,  r,  is 
th*  temperature  in  *V,  A E ts  th*  energy  gap  in  *V, 
and  •„  is  the  oscillator  strength. 

Th*  laser-produced  carbon  plasma  is  optically  thick 
to  Liman- o radiation  in  the  dens*  region  near  th* 
polvethvlen*  foil  surface,14  but  is  optically  thin  at  dis- 
tances greater  than  2 mm  from  th*  foil  surface11  where 
th*  laser  under  consideration  1*  expected  to  operate, 
consequents  , radiation  trapping  of  Lvman  radiation 


F10.  $.  Imputation  inversions  lor  ih*  lif-i  transition  u 0 \! 
St  argon  pressures  of  l,'  and  100  Torr. 
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tlon  protonbUitiss  Usced  In  Ft*.  2.  :he  population 
inversion  is 


vv  (l.aMO-'^v.v.,, 

1 1 - 1. 2 x i o-i'.v,r;1  ; «.Tp(-  23.  a.  r.;  i 


whtrs  the  densities  art  in  units  of  cm*4  and  ths  elec- 
tron  temperature  is  in  units  ot  »V.  Usui*  the  densities 
and  temperatures  listsd  in  Table  I.  thb  population  in- 
version is  shown  in  FI*.  8.  Background  gas  pressures 
ol  10—100  Torr  are  needed  to  achieve  threshold  in- 
version at  distances  of  1—2  mm  from  the  loti  surface. 
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